Background: Individuals with a family history of Parkinson's disease (PD) appear to have a higher risk of developing PD and other neuropsychiatric diseases. However, estimates of the relative risks (RRs) of PD and the roles of genetic and environmental factors in PD susceptibility are unclear. The aim of this study was to examine familial aggregation and genetic contributions to PD and the RRs of other neuropsychiatric diseases in relatives of PD patients. Methods: In this population-based family cohort study, the records of all individuals actively registered in the Taiwan National Health Insurance Research Database in 2015 were queried (N=24,349,599). In total, 149,187 individuals with a PD-affected parent, 3,698 with an affected offspring, 3,495 with an affected sibling, and 15 with an affected twin were identified. Diagnoses of PD were ascertained between January 1, 1999, and December 31, 2015. The prevalence and RRs of PD and other neuropsychiatric diseases in individuals with first-degree relatives with PD, as well as the contributions of heritability and environmental factors to PD susceptibility were investigated. Results: The prevalence of PD was 0.46% in the general population and 0.52% in individuals with first-degree relatives with PD. The RR (95% CI) for PD was 2.20 (1.41-3.45) for siblings, 1.59 (1.47-1.73) for parents, 1.86 (1.63-2.11) for offspring, 63.12 (16.45-242.16) for twins, and 1.46 (1.41-1.52) for spouses. The RR (95% CI) in individuals with first-degree relatives with PD was 1.66 (1.57-1.76) for essential tremor, 1.68 (1.61-1.75) for schizophrenia, and 1.20 (1.12-1.28) for Alzheimer's disease. The estimated contribution to the phenotypic variance of PD was 11.0% for heritability, 9.1% for shared environmental factors, and 79.9% for non-shared environmental factors. Conclusion: First-degree relatives of PD patients are more likely to develop PD and other neuropsychiatric diseases. Environmental factors account for a high proportion of the phenotypic variance of PD.
Introduction
Parkinson's disease (PD) is a common age-related neurodegenerative disorder that is characterized by the degeneration of dopaminergic neurons in the substantia nigra, leading to resting tremor, rigidity, bradykinesia, postural instability, and disability. 1 The accompanying degeneration of other neurons in PD can cause non-motor manifestations, including autonomic symptoms such as constipation, psychiatric problems such as anxiety and depression, and cognitive decline. 1 PD mainly affects elderly individuals and its incidence increases steadily with age; only around 5%-6% of PD cases have an onset age under 50 years (i.e., early-onset PD). 2, 3 As there are currently no available treatments that can cure or halt disease progression, the increasing prevalence of PD worldwide has imposed an overwhelming burden on aging societies. 4 Although most PD cases are sporadic, the etiology of PD is generally ascribed to a combination of genetic and environmental factors. 5, 6 A large-scale genome-wide association study (GWAS) of European cohorts estimated that genetic factors explain at least one-fourth of the PD liability; however, known mutations explain only 6%-7% of the phenotypic variance. 7 Additionally, a large GWAS of East Asian populations revealed novel Asian-specific loci and diverse associations with PD risk loci, suggesting that population differences contribute to the genetic heterogeneity in PD risk found between Europeans and East Asians. 8, 9 Environmental factors are considered to be another main cause of PD susceptibility, especially in late-onset PD. 1 These putative risk factors for PD include pesticides, well water, organic solvents, and metal exposure, while inverse correlations exist for smoking and caffeine consumption. 1 The familial aggregation of PD has been identified by case-control and twin cohort studies, with most studies reporting stronger familial aggregation for early-onset PD than in late-onset PD. 10 A meta-analysis including 29 familial aggregation studies of PD estimated that the overall relative risk (RR) (95% CI) for PD in affected first-degree relatives was 2.9 (2.2-3.8) and that the RR (95% CI) for early-onset PD was 4.7 (3.2-6.8), while the RR (95% CI) for late-onset PD was 2.7 (1.9-3.9). 11 Linkage analyses and whole exome sequencing of PD-affected families have so far revealed >20 associated loci and 11 associated genes; these studies provide convincing evidence that polymorphic variants in these genes contribute to sporadic PD. 12, 13 The causative genes in the pathogenesis of PD might be involved in abnormal protein aggregation, mitochondrial or lysosomal dysfunction, the ubiquitin-proteasome system, and/or kinase signaling pathways. 12 Even in the early stages of PD, neuropsychiatric abnormalities are frequently detected in patients with PD. The coaggregation of PD with other neuropsychiatric diseases, such as essential tremor, depression, anxiety, and dementia, has been reported in the literature. [14] [15] [16] Previous studies have identified the existence of causative genes and putative environmental factors in the familial aggregation of PD, but the relative contributions of inheritance and environmental factors to PD susceptibility remain unclear. Besides, understanding the coaggregation of PD with other neuropsychiatric diseases is valuable information for individuals with a family history of PD. Therefore, we conducted this population-based cohort study using nationwide genealogy reconstructed from the National Health Insurance (NHI) database of Taiwan to estimate the extent of familial aggregation of PD by determining the RRs of PD in specific kinships and to assess the relative contributions of genetic, shared, and non-shared environmental factors to PD susceptibility. Moreover, we also estimated the RRs for other neuropsychiatric diseases in individuals with PD-affected first-degree relatives.
Materials and methods
We conducted a population-based family cohort study based on the NHI research database (NHIRD) of Taiwan. The NHI Program is a single-payer centralized disbursement system in Taiwan that was founded in 1995. By the end of 2015, the database covered over 99.6% of the residents of Taiwan. 17 The NHI database records patients' demographic variables, insurance information (such as payroll, whom to cover, and start and end date of insurance), and original claims data, which contain the comprehensive medical information of the beneficiaries. All of the disease diagnosis data recorded during our study period (from 1999 to 2015) were coded using the International Classification of Diseases, Ninth Revision (ICD-9) codes. To protect the patients' privacy, all tractable personal information was de-identified before being released for research purposes.
The present study was approved by the Institutional Review Board of Chang Gung Medical Foundation, Taiwan (approval number: 201701505B0). As the data used in this study were completely anonymized, the requirement for informed consent was waived.
Study population
We included all individuals (N=24,349,599) with a valid insurance status in the NHI in 2015 as our source population. We searched the entire study population in the NHIRD to identify all individuals who had at least two outpatient visits to a neurologist or one hospital admission with a diagnostic code of PD (ICD-9 code: 332.0) in any calendar year between 1999 and 2015 in order to derive the PD cases for this study. In Taiwan, individuals suspected of having PD are usually referred to a neurologist for a definite diagnosis of PD, which adheres to the clinical diagnostic criteria for PD from the Movement Disorder Society. 18 To improve diagnostic accuracy, patients with a diagnostic code of secondary parkinsonism, cerebrovascular disease, or head trauma at the time of diagnosis of PD were excluded. 
Identification of first-degree relatives of PD patients
The registry of beneficiaries, a subset of the NHIRD, contains information on the family relationships between the insured person and his or her blood relatives and spouse. A unique personal identification number for each beneficiary in Taiwan enables valid internal linkages among different subsets of the NHI database, and we were thereby able to establish family genealogy for this study. 19 Parent-offspring and spousal relationships were identified directly from the NHIRD, while full siblings were identified as individuals with the same parents. Twins were identified as full siblings with the same date of birth (±1 day). However, twin zygosity could not be distinguished in the database. Finally, we grouped subjects into families after determining the family relationships of each individual within the family. 19 We excluded twins from the sibling analysis and all half-siblings from the whole analysis.
Ascertainment of other neuropsychiatric diseases
We further estimated the extent of coaggregation with other neuropsychiatric diseases in the first-degree relatives of PD patients. Patients were identified as having a specific neuropsychiatric disease in the NHIRD if they had at least one hospital admission or two specialist outpatient visits using that specific ICD-9 diagnostic code, and patients were included in our analysis only if their diagnosis was made by a specialist. The neuropsychiatric diseases and accompanying ICD-9 codes analyzed in our study were as follows: schizophrenia (295), major depression (296.2, 296.3), anxiety (300.0), phobic disorder (300.2), Tourette syndrome (307.2), Alzheimer's disease (331), essential tremor (333.1), dystonia (333.8), spinocerebellar disease (334), amyotrophic lateral sclerosis (335.2), multiple sclerosis (340), and epilepsy (345).
Statistical analysis
The prevalence of PD was calculated between January 1, 1999, and December 31, 2015, for the general population and for individuals with PD-affected relatives. Individuals with valid insurance registration in 2015 who met the definition of PD were defined as PD for the determination of prevalence. We assessed the prevalence ratios between individuals with an affected relative and the general population as RRs. 20 The Breslow-Cox proportional hazard model was used to estimate the prevalence risk ratios in this cross-sectional study by applying the same follow-up time to all subjects. 21 In this study, the threshold liability model was used to estimate heritability and familial transmission. Heritability was defined as the relative contribution of genetic factors to phenotypic variance, and familial transmission was defined as the sum of the heritability and shared environmental proportions. The liability scale between siblings and spouses was compared under the assumption that spouses share the same environmental factors and siblings share both the same genetic and environmental factors for phenotypic variance. 19 We restricted the family history within first-degree relatives and assumed a mean of two siblings per family. Moreover, we further estimated the coaggregation of PD with other neuropsychiatric diseases in the first-degree relatives of patients with PD using a marginal Cox proportional hazard model with the same follow-up time for all participants. The adjusted RRs of coaggregation with other neuropsychiatric diseases were estimated by using the adjusted prevalence ratios of a specific disease between affected first-degree relatives of PD patients and the general population. Covariates such as age, sex, occupation category, income level, place of residence, and family size were included to model the familial aggregation of PD and coaggregation with other neuropsychiatric diseases. All analyses were performed using SAS software, version 9.3 (SAS Institute Inc., Cary, NC, USA). Two-sided p values ≤0.05 were considered statistically significant.
Results

PD prevalence in individuals with PDaffected relatives versus the general population
In 2015, there were 112,037 patients with a diagnosis of PD out of the 24,349,599 individuals in the general population of Taiwan, which was equivalent to a crude prevalence of 0.46%. The prevalence of PD in women (0.48%) was slightly higher than the prevalence in men (0.44%). A total of 156,048 individuals had at least one affected first-degree relative with PD: 149,187 had an affected parent, 3,698 had an affected offspring, 3,495 had an affected sibling, and 15 had an affected twin. Among the individuals with a PD-affected first-degree relative, the crude prevalence of PD was 0.52%. The comparison between the demographic characteristics of the individuals with PD-affected first-degree relatives and those of the general population are shown in Table 1 . Figure 1 shows that the age-specific prevalence of PD in individuals with PD-affected first-degree relatives was significantly higher than that in the general population of Taiwan. Analysis of the age-specific prevalence of PD showed that the crude prevalence of PD steeply accelerated after 65 years of age in both groups (Table 2 ). Figure 2 shows the onset age-specific prevalence of PD in individuals with affected first-degree 
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Familial risk of Parkinson's disease relatives of PD and that in the general population of Taiwan.
The onset age-specific prevalence of PD in individuals with affected first-degree relatives of PD increased after the age of 60 years and then peaked at the age of 85 years.
RRs for PD in individuals with
PD-affected first-degree relatives
The prevalence and adjusted RRs for PD in individuals with affected first-degree relatives of PD by the type of 
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Familial risk of Parkinson's disease (1.41-1.52) for spouses without genetic similarity. Using a threshold liability model, we estimated that genetic factors (heritability), shared environmental factors, and non-shared environmental factors accounted for 11.0%, 9.1%, and 79.9% of the phenotypic variance of PD in the Taiwanese population, respectively.
Coaggregation of PD with other neuropsychiatric diseases
The prevalence and adjusted RRs (95% CIs) for other neuropsychiatric diseases in individuals with PD-affected first-degree relatives compared with the general population of Taiwan are presented in Table 4 . Among all analyzed neuropsychiatric diseases, the adjusted RR (95% CI) in individuals with PD-affected first-degree relatives was the highest for schizophrenia with an RR (95% CI) of 1. 
Discussion
This population-based family cohort study investigated the RRs of PD in individuals with PD-affected first-degree relatives and estimated the accountability of heritability and familial transmission for PD in the general population of Taiwan. The adjusted RR of PD in PD-affected first-degree relatives was 1.69-fold higher than that in the general population, and the observed magnitude of RR was associated with genetic distance. The relative contributions of heritability and familial transmission to PD susceptibility in the Taiwanese population were estimated to be 11.0% and 20.1%, respectively, which were relatively low compared to the 79.9% contribution of non-shared environmental factors. In addition, individuals with PD-affected first-degree relatives were at a higher risk of developing other neuropsychiatric diseases, particularly essential tremor, schizophrenia, spinocerebellar disease, and phobic disorder, than the general population.
Although most PD cases were sporadic, studies on the familial aggregation of PD have identified that autosomal recessive inheritance in early-onset PD, variable genetic penetrance, and gene-environment interactions are all responsible for the heterogenetic presentation of PD. 11 Inheritance also plays a substantial role in the susceptibility to sporadic PD, as demonstrated by a twin study which showed that subclinical dopaminergic dysfunction was concordant with 75% of clinical PD cases among monozygotic twins, but with only 22% of cases among dizygotic twins. 22 Moreover, familial pedigree analyses have consistently shown higher RRs in siblings than in parents or offspring with the same genetic distance, suggesting that shared environmental exposure may increase PD susceptibility.
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Previous familial aggregation studies have reported much higher RRs for PD (range: 2.7-3.4) in the first-degree relatives of PD patients than we found in our study. 23, 24 However, those studies most often employed less robust sampling strategies, such as small numbers of familial pedigrees, hospital records, or telephone interviews, thus increasing selection bias and limiting generalizability. A recent population-based study using family history questionnaires found that the first-degree relatives of patients with PD had a higher risk of developing PD (RR: 1.988, p=0.036), which was more in line with our result. 25 However, our estimate of heritability having only 11.0% of the accountability for PD in the Taiwanese population is relatively low compared with previous estimations made from genome-wide association analyses in European cohorts. 7, 26 This difference might be ascribed to differences in study populations and estimation methods.
Further GWAS focusing on the contribution of heritability to PD in other populations is warranted.
Genetic and environmental interactions play a crucial role in PD susceptibility. Environmental exposure can cause epigenetic modifications such as DNA methylation or histone modification, thus triggering or accelerating the development of PD in genetically susceptible individuals. 27 An umbrella review that evaluated 75 meta-analyses on observational studies of risk factors for PD identified convincing evidences of causative associations with PD for head trauma, constipation, and depression, while protective roles were found for physical exercise and smoking. 28 Other reported potential linkages between PD and environmental or behavioral exposures, including well water consumption, pesticide use, organic solvents, lead or manganese exposure, and higher education, have weaker evidence-based associations with PD. [29] [30] [31] Further investigation on the genuine causative agents of PD and clarification of its underlying mechanisms is required.
Coaggregation of PD with other neuropsychiatric abnormalities has been reported in the literature. 32 Genetic association studies have implied that PD might share common genetic mechanisms with other neuropsychiatric diseases; however, the variable magnitude of pathogenic overlap might contribute to diverse disease manifestations. 32 Among all of the neuropsychiatric diseases analyzed in our study, individuals with PD-affected first-degree relatives had the highest risk of developing schizophrenia (RR: 1.68). Visual hallucination is the most common presentation of PD psychosis in PD patients, and it is also a prominent feature of schizophrenia. 33 Furthermore, patients with schizophrenia exhibited the highest risk of developing subsequent PD among the patients with pre-existing psychiatric illnesses (hazard ratio: 8.9; 95% CI: 7.74-10.24). 34 Genetic risk profile studies have shown that schizophrenia shares spatially overlapping loci with PD and that their possible pathologic linkage might originate from dopaminergic system imbalance or dysfunction. 32 Essential tremor was also found to have a higher coaggregation with PD in our study (RR: 1.66). Both essential tremor and PD are characterized by pathologic tremor with progressively disabling entity, and they might also share the same Lewy body pathogenesis. 16 Our coaggregation analysis found higher RRs for the development of spinocerebellar diseases (RR: 1.46) and dystonia (RR: 1.35) in the first-degree relatives of PD patients. Spinocerebellar degeneration, also known as spinocerebellar ataxia (SCA), can present as parkinsonism, particularly the SCA2, SCA3, and SCA17 subtypes. 35 Patients who suffer from dystonic Alzheimer's disease and PD are both age-related neurodegenerative diseases. They are thought to share the same cardinal mechanisms of neural damage, which are mainly characterized by the abnormal aggregation of misfolded proteins (amyloid β in Alzheimer's disease and α-synuclein in PD), oxidative stress, and mitochondrial dysfunction. 38, 39 A recent systematic review that included 16 familial coaggregation studies of PD and Alzheimer's disease concluded that there was only modest familial coaggregation of Alzheimer's disease in individuals with PD-affected relatives (RRs: 1.18-1.40), which is consistent with our result. 40 Other psychiatric diseases, such as anxiety, depression, panic disorder, and phobia, are common non-motor presentations of PD, and their coaggregation with PD has been reported in previous studies, with RRs ranging from 1.45 to 1.87. [41] [42] [43] The modest familial coaggregation with PD implies that these psychiatric diseases might share common familial susceptibility factors with PD. 15 Our present study had several strengths and important implications. First, our population-based cohort study utilized the NHI database, which contains health information covering nearly the entire population of Taiwan, and its representativeness and clinical consistency are well documented. Second, we had stringent case ascertainment criteria for PD and other neuropsychiatric diseases in that required at least two outpatient visits to a specialist or one hospital admission diagnosis made by a specialist, which minimized selection and recall bias. Third, the reconstructed familial relationships could be ascertained for most permanent residents of Taiwan based on the solid linkage by unique personal identification numbers. Fourth, the threshold liability model is effective for estimating familial aggregation, and its applications have been previously validated. 19 Altogether, our study provided objectively quantitative data that estimated the relative contributions of heritability and environmental factors for PD susceptibility, which is valuable information for the clinical consultation of individuals with a family history of PD.
However, there were several limitations to our study. First, disease identification was based on the ICD-9 diagnosis codes for each patient registered in the NHI database. Detailed information on clinical symptoms, laboratory testing, and examinations was unobtainable in the NHIRD. Second, this cross-sectional study analyzed the entire Taiwanese population registered in the NHI database in 2015, so the incidence rate and onset age for each individual with PD were not evaluated.
Third, the zygosity of twins was not recorded in the NHI database, so a classic twin study design could not be utilized to estimate the relative contribution of heritability. Fourth, our threshold liability model was imperfect, as spouses may not share the same environmental factors as those shared by siblings. Finally, our study results are restricted to the population of Taiwan; therefore, it is not clear whether our results are applicable to other populations. Further studies are required to determine the generalizability of our results.
Conclusion
This population-based cohort study showed that individuals with PD-affected first-degree relatives had a 1.69-fold higher risk of developing PD and a higher risk of developing other neuropsychiatric diseases, such as schizophrenia, essential tremor, and phobic disorder. PD should be considered an age-related multifactorial syndrome with mainly genetic and environmental components. The estimated relative contributions to PD susceptibility in the Taiwanese population were 11.0% for heritability, 9.1% for shared environmental factors, and 79.9% for non-shared environmental factors. Our findings provide information useful for counseling families of PD patients. The environmental causative agents responsible for the majority of PD susceptibility and the contribution of heritability to PD phenotypic variance in other populations warrant further investigation.
